. 58, 1125 (1980). Ruthenium(I1) phthalocyanine complexes of the type RuPcL, (Pc = the phthalocyaninato dianion, L = various pyridines, imidazole, dimethylformamide, dimethylsulfoxide, and acetonitrile) may be prepared generally in solution by photolysis of RuPc(CO)L' complexes in the presence of excess L (L' may be the same as L or may be a different ligand), and in some cases as solids by extraction of crude RuPc with L. The solid RuPc(CO)L monocarbonyls can be formed from reaction of the RuPcL 2 complexes with carbon monoxide, as well as via an extraction procedure using L with crude RuPc(CO) formed from Ru 3 (CO)n and phthalocyanine.
Introduction
Continuing our interests in models for biological oxygenation and their potential for catalysis via O 2 activation (1-4), we are studying the chemistry of ruthenium(II) complexes with macrocyclic N4 ligand systems. This paper reports studies on phthalocyanine complexes; the phthalocyaninato dian ion (Pc) is a tetraazoporphyrinato ligand, the bridging methine positions and pyrrole rings of the porphyrin skeleton having been replaced by nitrogen, and benzpyrrole g,oups, respectively.
Although there have been several literature reports on the synthesis of ruthenium phthalocyanines, most of the complexes were not wellcharacterized. The reaction of o-cyanobenzamide with RuCI 3 ·3H z O is reported to give "RuPc", which on extraction with aniline gives a crystalline solid, RuPc·6C 6 H s NH 2 (5, 6) . Corresponding complexes were isolated with other amines such as n-butylamine and pyridines (7) .2 Extraction of the same crude "RuPc" with dmso and dmf also gives complexes of the same RuPc·6L stoichiometry (8) . The dmso complex has been used as an nmr shift reagent (8) . With concentrated H 2 S0 4 , "RuPc" is ' To whom all correspondence should be addressed. 'Ligand abbreviations used: py = pyridine, 1m = imidazole, dmf = N,N'-dimethylformamide, dmso = dimethylsulfoxide, thf = tetrahydrofuran, acac = acetylacetonato, OEP = octaethylporphyrin dianion. TPP = tetraphenylporphyrin dianion, porp = a general porphyrin dianion.
[Traduit par Ie journal] said to give [RuPcH]+, protonation occurring on a non-coordinating nitrogen atom (9) .
Ruthenium(III) species formulated CIRuPc and CIRu(PcCI) are said to be formed via reaction of RuCI 3 ·3H 2 0 with o-dicyanobenzene (10) or phthalocyanine, H 2 Pc (11), respectively. Species formulated ClRuPc(L), where L = o-dicyanobenzene, o-cyanobenzamide, or py, have also been described (10) . A recent report (12) , which appeared after the completion of our studies, questions the existence of the ruthenium(III) phthalocyanines and describes the characterization of a diamagnetic ruthenium(II) species Ru(CIPc)· PY2·4py, which was previously formulated (10) as the ruthenium(III) species CIRuPc(py)·5py, as well as a Ru(ClPc)(PPh 3 h complex. Part of the work described in this paper has been reported briefly elsewhere (13) . Experimental
All synthetic reactions were carried out under an atmosphere of argon using standard vacuum line and Schlenk tube techniques. The 'H nmr spectra were measured on a Vari"n XL-IOO operating in the Fourier transform mode. The esr spectra were recorded at 77 K on a Varian E-3, no signals being observed at room temperature. Infrared spectra were measured on a Perkin Elmer 457, and electronic spectra on a Cary 17D.
Cyclic voltammograms were obtained using an H-cell with the three compartments separated by sintered glass frits. Potentials were measured at a platinum electrode against a Ag/AgCi reference electrode at 25 ± 2°C. The "Bu 4 N+PF 6 -electrolyte (TBAH) was synthesized (14) , recrystallized from ethanol, and dried under vacuo at 70°C. A polarographic analyzer (M.1. As-0008-4042/80/111125-08$01.00/0 © 1980 National Research Council of Canada/Conseil national de recherches du Canada sodates) in conjunction with an oscilloscope (Tektronix Inc.) measured the voltammograms at a scan speed of 250mV/s. Coulometric experiments were carried out in a flow ceU which enabled continuous monitoring of the visible spectrum of the solution during electrolysis. The coulometry was carried out in solution identical to those used for cyclic voltammetry. using a PAR-173 module with an HDC-37I integrator attachment.
Dmf. dmso. py, CHlCN, and CHzCl z were freshly distilled, the CH2Cl z being distilled from CaH z . Other solvents and chemicals were used as reagent grade. Ortho-cyanobenzamide was synthesized using a literature procedure (15) . Ruthenium trichloride trihydrate was obtained from Johnson Matthey Ltd. Ru)(CO)lz was a Strem Chemicals product.
Chemical oxidations for dilute solutions were carried out by a spectrophotometric titration procedure using Br2 solutions.
Photolysis experiments were carried out under vacuum using a 650 W visible photo-flood lamp.
All the complexes synthesized gave satisfactory microanalytical data (P. Borda, this department). Reference 13 lists typical data for the RuPcL 2 and RuPc(CO)L complexes.
Preparation of Complexes
The details for the synthesis of crude "RuPc" from RuCI)'3H 2 0 and o-cyanobenzamide, and the subsequent extraction procedure with pyridines to give well-characterized crystalline RuPcL 2 complexes. were given in our earlier report (13) . The procedure for their carbonylation using 1 atm CO to give RuPc(CO)L, and isolation of the same carbonyls via an extraction procedure on crude RuPc(CO) made from Ru)(CO)12 and H 2 Pc were also described (13) .
) was reftuxed in dmf for 5 h and the resulting solution filtered. The resulting deep blue solution was then added to an alumina column containing hexane and the column eluted with hexane until all the dmf had been removed. Elution with diethyl ether and evaporation to a low volume yielded red-purple crystals of the complex (v(CO) 1943 cm-' , Nujol). Yield ca. 20%.
Bis( dimethylsulJoxide)-alld Carbonyl( dimethylsulJoxide)-
phthalocyanillC/loruthellium( Il) "RuPc" (1 g) was refluxed in dmso for 3 h and the mixture filtered. Evaporation of the solution to low volume yielded purple crystals. Washing with hexane removes the excess dmso of crystallization, giving RuPc(dmsoh. Yield ca. 40%. Carbonylation using I atm CO in dmso at lOO·C (5 h) gives solutions that yield, after chromatography, RuPc(CO)(dmso) (v(CO) 1955 cm-I , Nujol).
Bis( acetonitrile)-. Bis( imidazole)-, and Bis(N ,N' -dimethylJormamide )phthalocyaninatomthenium( II) Species
The bis(acetonitrile) species was readily formed in situ in dilute solution (10-4 M) by degassing an acetonitrile solution of RuPc(dmsoh and irradiating in /)acuo with a 650 W tungsten lamp for ~ 15 min; other precursor complexes such as RuPc(py}z, RuPc(CO)(py), or crude RuPc(CO) could be used with somewhat longer reaction times. Solutions of RuPc(dmfh were prepared similarly from RuPc(dmsoh or RuPc(CO)(dmf). The bis(imidazole) species is readily formed via photolysis of RuPc(dmso)2 in CHzCl z containing excess 1m.
Results and Discussion

Synthetic Studies
An efficient route to the solid diamagnetic RuPcL 2 complexes involves Soxhlet extraction into L of crude "RuPc" formed from RuCI 3 ·3H 2 0 and o-cyanobenzamide. The method has been used with L py, 4-Mepy, and 4_IBupy. The useful RuPc(dmsoh precursor complex can be obtained after a procedure involving refluxing "RuPc" in dmso; a similar procedure using dmf yields the monocarbonyl RuPc(CO)(dmf) formed presumably by decarbonylation of the amide. a process not uncommon for ruthenium (16, 17) .
The RuPc(CO)L monocarbonyls are more generally prepared by treatment of RuPcL z solutions with 1 atm CO over prolonged periods at?: 100°C. The corresponding reactions for iron(II) systems are very fast even at room temperature (18) . A less reliable method for making RuPc(CO)L complexes involves reaction of L with a crude RuPc(CO) product (13) ; this latter species is formed by refluxing RU3(CO)IZ with the neutral H 2 Pc ligand in toluene under N z , a procedure that has proved successful for synthesizing corresponding solvated Ru(porphyrin)(CO) complexes (19, 20) . The phthalocyanine reaction probably gives RuPc(CO) (v(CO) = 1945 em-I, Nujol), but the method was somewhat irreproducible. and sometimes gave additional weak ir bands in the carbonyl region; chemical analyses were also variable.
Several other methods were tried in attempts to incorporate Ru(II) directly into the Pc ligand. These involved the reaction of chlororuthenate(II) solutions (21, 22) , and more well-characterized precursors such as cis-RuCI 2 (dmso)4 (23), Ru(dmso)62+ (24) , RuClz(PPh 3 h (25) , and Ru(acach (26) , with MzPc (M = H, Na, Li), but only a small amount of metallation was apparent.
Photolysis of either RuPc(CO)L or RuPcL 2 in a solution of the appropriate ligand L' leads to ready in situ formation of RuPcL z ' species. The RuPc(dmsoh is a particularly useful precursor since the dmso ligands are readily photolabile, although the quantum yield of the process is low « 0.01). Although a photo-flood lamp was used in these reactions, some experiments employing laser radiation have shown that only radiation < 400 nm is effective for the photochemical reactions (27) . Stynes (28) has synthesized RuPc(CH 3 CN}z via photolysis in CH 3 CN of a species formed by reaction of RU3(CO)12 with o-dicyanobenzene; the intermediate is again likely to be RuPc(CO), and it is of interest that Calderazzo's group has recently synthesized an iron analogue, FePc(CO)(dmf), by reaction of Fe(CO)s or Fe(CO)9 with 0-dicyanobenzene in dmf solution (29, 30) . Figure I summarizes the various reactions that we have studied. The species show characteristic visible spectra (Table 1) and the solution reactions are readil y monitored spectrophotometric ally . The displacement of the dmso ligands in RuPc(dmsoh by pyridines to give RuPc(pyh occurred readily, in the absence of irradiation, by simply warming for a few minutes a pyridine solution of the bis(dmso) complex.
The complexes (Table 1) all show an intense absorption in the visible region (620-645 nm) together with a weaker band(s) at slightly higher energy (560-585 nm), and this is characteristic of metal phthalocyanine complexes (31, 32) . Absorp- tion bands are also generally observed in the Soret region (340-380 nm) together with more intense ones around 290-315 nm. The RuPc(CO)L species, in the systems that we have studied. always have their intense visible absorption band at ca. 10-20 nm higher than, and with an extinction coefficient at least twice as large as, that of the corresponding RuPcL z species. The Soret band of the monocarbonyls studied appears at 30-40 nm below that of the corresponding bis(L) species. The bis(imidazole) and bis(acetonitrile) complexes appear exceptional in apparently not showing a Soret band, although this is probably masked by the more intense 312 nm band. In the related Ru(porphyrin)L z systems, replacement of one L by CO again gives a marked red-shift in the visible region, but the blue-shift in the Soret region is small (1,33) .
The ir spectrum of RuPc(dmsoh showed bands in the 1100 cm-1 region, possibly indicative of Sbonded dmso (24) , although there are also Pc bands in this region; some weaker bands at 920-930 cm-l could be due to a-bonded dmso, but this region is complicated by the presence of methyl rocking modes (34), and we have not synthesized the d 6 -dmso analogue which would help to eliminate this ambiguity. A recent structure determination of the iron(II) analogue, FePc(dmsoh, shows a somewhat unexpected and interesting result in that both dmso ligands are S-bonded (35); both Fe(1l) and Ru(1l) are considered to be border-line cases in the hard-soft acid classification (36) but, based on the iron data, the RuPc(dmsoh will almost certainly contain just S -bonded sulfoxide (see below). The IH nmr spectrum in CDCl 3 was not very satisfactory for this complex because of a solubility limitation, but the other complexes showed two pairs of doublets centered in the 1: regions 0.6-0.9 and 1.8-2.1 (13), a typical pattern assigned to the Cf.. and ~ benz-protons of diamagnetic metallophthalocyanines (37) . The absence of paramagnetic shifts in the 1 H nmr of CHCl 3 present in the solutions also shows the complexes to be diamagnetic (38) .
A Faraday balance measurement on the RuPc(4-tBupyh complex confirmed the diamagnetism in this one case (Xm = -860 X 10-6 cgs at 20°C, the diamagnetic correction being about + 550 x 10-6 cgs) .
Oxidation Studies
Cyclic voltammograms were measured for a number of the ruthenium(Il) complexes in 0.051\1 TBAH-CH,C1, solution. The bis(pyridine) species show two chen'lically reversible one-electron oxidations (Fig. 4, Table I ), while the other species reveal just a single reversible one-electron oxidation (Table 1) . Visible and esr spectral data (Table  1) Solutions of the ruthenium phthalocyanine cations were prepared by exhaustive electrolysis in the TBAH-CH 2 CI 2 solution. The one-electron oxidations lO%) proceed cleanly and reversibly over many cycles provided the potential is not significantly increased above the first oxidation potential; the solutions change from blue to redpurple and the visible spectral changes reveal several isosbestic points (Figs. 5, 6 ). All the oxidized species have two broad absorptions in the (510-535) and 700 nm regions, although the band at "'" 700 nm is less evident for the bis(pyridine) cations (Figs. 5, 6 ). The spectral changes are very similar to those observed for the one-electron oxidation of copper(II) phthalocyanine species to the Cu[Pc( -1J]+ cation (39) , and the general broadening of spectra with decreased intensity of the visible ~A~I ~~~~I ~~~i The esr spectra obtained for frozen solutions of the monocations at 77 K (Table I) confirm that an electron has been removed from the phthalocyanine n:-system to give the radical [Pc( 1-)] ligand. The isotropic g values are close to the free electron value of 2.0 and are characteristic of oxidation at the phthalocyanine ring (40) . Oxidation at the metal center to give Rulllpc+ d 5 monocations would likely not give esr signals. Relatively few Ru
Ill complexes have been subjected to esr studies (44) (45) (46) (47) ; there are difficulties in observing the signals due to fast relaxation times (48) , and signals were not observed with Rull\porp)(pYh + systems (43) . The band-width of the g = 2.0 signal for a RuIl[pc( -l)](CO)L + monocarbonyl is invariably smaller than that of the corresponding bis(L) species (Table I) , and this can be used as a diagnostic tool, particularly for the pyridine systems where the effect is quite marked (e.g. for pyridine itself, 7.1 vs. 25 G). The differing degrees of linebroadening may result from interaction with the pyridine-nitrogen(s); no hyperfine splitting is observed in the signals.
The nature of the dication product from the second oxidation observed with the bis(pyridine) systems (1.32-1.40 V) has not been elucidated. Although stable on the cyclic voltammetric time scale, the dications could not be generated by electrolysis since decomposition occurred. The second oxidation could occur at the metal giving Ru lll [Pc(-I)]L 2 2+, or at the Pc giving
A similar difficulty in elucidation of the dicationic species was encountered in a study of RuI~porp)(CO)(py) complexes, where again the first oxidation pertained to formation of a porphyrin radical species Rull[porp(-l)](CO)(py)+ (43, 49). A major difference in the porphyrin systems, however, is that a one-electron oxidation of carbonylfree Ru l \porp)(pY)2 species occurs at the metal to give Ru ll \porp)L 2 + cations (43, 49 Table 2 ). The oxidation of the various bis(pyridine)ruthenium(II) phthalocyanines to species containing the [Pc( -1)] radical cation at 0.7-0.8 V (Table 1) is consistent with data ( Table 2) showing oxidation of the Pc ligand in ZnPc solutions at 0.68 V (50, 51) and in FePc in py/Cl0 4 -solutions at 0.7 V (50). Oxidation at 0.52 V in a CrPc/py system was assigned as a Cr(III)/Cr(II) couple (50) . Compared to porphyrin systems, considerable stabilization of the low-spin Fe(II) and Cr(II) was attributed to TC-back donation into the Pc ring (50) . For low-spin Ru(II) such an effect would be even more marked, and reduction potentials are higher than for corresponding iron-Pc and -porphyrin systems (49, 52) . Consistent with this is that the reported oxidation of FePc(dmso)z at 0.47 V occurs at the metal and not at the ligand (50) . With MnPc-and CoPc-pyridine systems, the oxidation at much lower potentials (0.01 and 0.22 V, respectively) is again consistent with oxidation at the metal (50) . The data indicate that ligand oxidation will occur in Pc systems at ~0.60 V. With porphyrin systems, the presence of an axial CO ligand may raise the potential into the region of porphyrin ligand oxidation and again, at least with TPP and OEP, this could be in the same 0.6 V range (43, 49) . Orbital descriptions on replacement of an axial amine ligand by CO in porphyrins of the Fe subgroup, and the implications for heme-based redox processes, have been presented (49, 52) . The limited data in Table 1 show the expected stabilization of the lower valency state by incorporation ofa CO ligand (see also Table 2 ), and stabilization of the higher valency state by electron-donor substituents within pyridines (lBu > Me> H). The somewhat higher potential of the bis(dmso) complex, compared to the bis(dmf) O-bonded and the bis(CH 3 CN) N-bonded systems could be consistent with stabilization of Ru(II) via TC-backbonding through S-bonded sulfoxides. Other recent data on ruthenium porphyrins (Table 2) show similar trends: lower potentials with more basic phosphines, higher potentials with TC-acceptor ligands (phosphites, isocyanides). Some of the higher potentials of the TPP derivatives reported by Boschi et al. (Table 2 , ref. 53 ) are in the range where ligand oxidation could occur, although a different solvent system was employed; the evidence for metal oxidation was lack of an esr signal, but the measurements appear to have been done at room temperature where the signal ofthe porphyrin radical is not detected (ref. 43 and this work). Visible spectra were not presented, and thus the site of oxidation is not well established. The suggested metal oxidation at 0.93 V for the Ru(TPP)(CO) complex (53) is almost certainly incorrect (43) .
The one-electron oxidation products in our Pc systems could be formed in solution by chemical oxidation with bromine solutions. The esr spectra (including bandwidths) of the products were identical to those of the electrochemically generated species, indicating that the products are Ru[Pc-(\-)]L z + with no incorporation of bromide. Dithionite readily reduced the oxidized species to the starting materials. Iodine, and also Ce 4 + and Fe(phenh3+, were ineffective oxidants, while chlorine gave irreversible oxidation beyond the first oxidation as evidenced via detection of the purple radical cation intermediates. Attempts to isolate the product of the Br2 oxidation gave only mixtures which included the starting material.
The lack of reactivity of the Ru(II) phthalocyanine complexes toward O 2 in CH 2 Ch is consistent with the relatively high potentials listed in Table 1 . The Fe(III)/Fe(II)-Pc couples have been shown to vary considerably with solvent and counter ion (50) and, although we do not yet have any corresponding data, this may well be true for the Ru couples. The RuPc(dmOz in dmf, for example, does react with O 2 with loss of the visible absorption bands and a decrease in intensity of the Soret band; no esr signal is detected and irreversible oxidation of the Pc ligand is indicated. Since the ability to form a dioxygen complex is governed to some extent by the reduction potential of the metal system (2, 4, 54), we are hoping to "tune" the Ru(III)/Ru(II)-Pc couple for such reactivity (cf. ref. 50) . Reversible Oz-binding by iron(II) phthalocyanine systems, after some controversial claims (55), has been accomplished recently (56) (57) (58) (59) (60) , including a dmso system (58) (59) (60) .
Our limited studies on cathodic reduction of the Ru(lI) phthalocyanines were not successful, the systems showing somewhat irreversible and irreproducible behaviour. Some potentials in the range 1.7 to -1.9 V have been reported recently for Ru(TPP)L 2 systems (L = tertiary-phosphines, -phosphites, tBuNC) and attributed to the Ru(II)/Ru(l) couple, although the lower valent species were unstable chemically (53) . Studies on the electrochemical reduction of Fe(II)pc systems have been reported recently (61, 62) .
